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FATIGUE-CRACK PROPAGATTION IN
ATIMINIM-ATTOY BOX BEAMS

By Herbert F. Hardrath, Herbert A. Leybold, Charles B. lLanders,
and Louis W. Hauschild

SIMMARY S

Eighteen box beams constructed according to four designs were sub-
Jected to fatigue tests to study fatigue-crack propagation and accompanying
stress redistribution. Two designs had stiffeners riveted to the cover,
one had stiffeners bonded to the cover, and one had an integrally stiffened
cover machined from a plate. Two or more specimens of each design were
constructed from each of the aluminum alloys 2024-T3 and TO75-T6. The
rate of crack propagation in specimens made of 7075-T6 material was more
rapid than that in equivalent specimens maede of 2024-T3 and tested at the
same nominel stress. Specimens with bonded stringers had lower rates of
crack growth than did other specimens. The most rapld rate of crack
propagation was found in specimens having covers that were integrally
stiffened. The results are discussed with the aid of stress-survey deta
obtained during the tests.

INTRODUCTION

The occurrence of several catastrophic or nearly catastrophic acci-
dents caused by fatigue cracks in the primary structure of airplanes hes
prompted considersble discussion regerding "fail-safe" design philosophy.
Proponents of this philosophy recommend that alreraft structures be con-
structed in such a way that fatigue cracks which might occur do not cause
catastrophic feilure before remedial actlon can be taken.

From the designer's point of view, several importent questions must
be answered before a structure msy be called fail-safe. Among these are
the following:

(1) Where is crack initiation most likely to occur?

(2) Will a crack propagete in such a way that it is likely to be
discovered before it is dangerously large?

(3) What can be done to control crack propagation?
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(4) Whet is the residuasl static strength of the structure after a
crack forms?

The National Advisory Committee for Aeronsutics is currently studying
severael pheses of thils general problem. The present paper presents initial
results of tests Intended to provide information concerning questions (2)
and (3). Four designs of box beams were bullt according to eurrent con-
struction techniques, from both 2024-T3 and TOT5-T6 altminum alloy, end
were subJjected to constant-level fatigue tests at the same nominal stress.
Fatigue-crack propagation was observed and straln-gage surveys were msde
at various stages of the tests in order to study the redistribution of
stress resulting from crack growth.

APPARATUS AND TESTS

Specimens

Detalls of the constructlon of the four different designs of beams
terted are shown in figures 1 to 4., At least two specimens of each design
were constructed of each of the aluminum alloys TOT5-T6 and 2024-T3,
Brazier-head rivets mede of 2117-T3 aluminum alloy were used throughout.

Each beam was 8 feet long between supports with & constant-moment
section (carry-through bay) 2 feet long in the center. The tension covers
of the beams were c¢ambered to compensate for shear lag effects. Bulkheads
were placed at 8-inch intervals in the carry-through bey and at 12-inch
intervels in the outboerd bays. Upright engles were attached to the shear
webs at intermediate stations. The compression covers were designed to
insure that the tension cover was critical for static loading. All boxes
were 20 inches wide and had 8 longitudinal stringers in each cover except
design 1, which was 12 inches wide and had 4 longitudinal stringers in
each cover. A stress-ralser was placed at or near the center of the ten-
sion cover to encourage crack initlation at that point. This section is
referred to as the critical section. Two l/h-inch holes, one on each
side of the longitudinal axis, were drilled and reamed so that they were
tangent at the center line. The materlal between the tangents to the
two holes was removed with a small file to maske an oblong hole, 1/2 inch
long and 1/4 inch wide. A hole 1 inch in dlameter was drilled in each
shear web near the critical section to permit inspection of the stringers
during the tests.

The distinguishing features of the various configurations were as
follows:

Design 1: Beams bullt according to design 1 (fig. 1) were 12 inches

made of 0.051-inch sheet. The rivet pitch was 5/& inch in all stringers
and flanges.

-

wide and had four 1/16-inch by 1 inch by 1 inch stringers riveted to & cover # _
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Design 2: Beams built according to design 2 (fig. 2) were similar
to design 1 except that they were 20 inches wide, had 8 stiffeners, and

the rivet pitch in the stringers was 1% inches.

Design 3: Beams built according to design 3 (fig. 3) were dimen-
sionally identical to design 2 but the stringers were bonded to the
tension cover with an ethoxyline resin adhesive. Rivets were omitted
in the carry-through bay but were used, in addition to the bonding, in
the outboard bays of the cover.

Design 4: Besms built according to design 4 (fig. 4) had integrally
stiffened covers machined from s 3/L-inch by 20-inch by lOO%-inch plate.

The thickness of the skin between stiffeners was 0.081 inch and the
stiffener thickness was 0.094% inch. Only the carry-through bay was
machined to the dimensions indicated. The two bays at each end of the
cover were not machined except for the flanges. A teper 1n the bays
immedlately adjacent to the carry-through bay Jjoined the machined and
unmachined parts. The cover was not cambered in this type of construction.

For identification, each specimen was glven a code designation (for
example, 1B-2) to facilitate reference to specific beams. This designa-
tion is explained as follows: The first digit is a number corresponding
to the design number just described, the letter following this number is
used to identify the aluminum alloy from which the beam was built (A is
for 2024-T3 and B, for 7075-T6), and the last digit is a number desig-
nating the first, second, or third specimen of a given design and material.
In the example, specimen 1B-2 represents the second beam constructed of
T075-T6 aluminum alloy according to design 1.

Equipment

The specimens were subjected to repeated loads in a fatigue-testing
mechine located in the Langley structures research laboratory. A photo-
graeph of this mechine with a specimen in place is shown in figure 5. The
specimens are supported by flexure strubts at each outboard corner and
loaded through similar struts that attach the four corners of the carry-
through bay to & movable crosshesd. Forces are controlled by adjustments
of a varisble-throw crank and adjustable comnecting rod. The machine hes
a8 load capacity of 20,000 pounds, a meximum eccentricity of 1/2 inch, and
operates at approximately 600 rpm.
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Instrumentation

Resistance wire strain geges attached to the flexure struts of the
testing mechine are read individually to check for uniform distribution
of loads among the struts. The sum of the outputs of the gages on the
four struts on the crosshead is read to monitor the applied load during
progress of the test. The electronic apparatus described in reference 1
wes used for these readings.

Other resistance wire strain gages were applied to the specimens to
check stress distributions in the tension cover during the tests. Ome
gege was placed on the outstanding leg of each stringer at the critical
gsectlon of the beam. Gages were also applied to the cover of the beam
gt l-inch intervals across the width. In the tests of all beams of
designs 1 and 2 and of specimen 3B-1 these gages were displaced from the
critical section by 1% inches to permit installation of fatigue-crack
detector wires at the eritical section. In the remainder of the tests
the detector wires were not used and strain gages on the cover were
applied at the critical section.

Procedure

In the tests of beams of-design 1, several stress levels were used
to arrive at a test condition with a mean stress representative of
l g stresses used in practice and an alternating stress producing failure
in a reasonasble time. As indicated in figure 6, beam 1A-1l was tested at
8 stress of 16 £ .6 ksi; beam 1A-2 was tested at a stress of 12 T 4.6 ksi
for 557,000 cycles without initieting a crack and then wes tested at a
stress of 12 t 6 ksi, Tests of all other beams of design 1 were per-
formed at a stress of 12 * 6 ksl. Tests of other designs were performed
at stresses of 13 t 6.5 ksi. '

Initiel loads in each test were adjusted to produce the desired
readings in the strain gages on the specimen., The loads were adjusted
as required during the tests to maintain load readings (strain gages on
struts) within %3 percent. of the initial readings. -

The critical section of the cover was merked at 1/4-inch intervals
and the number of cycles of load which had been applied when the fatigue
crack passed each of these stations was recorded. In some cases a red
dye was used to improve visibllity of the crack. Strain-gage resdings
were taken whenever the crack passed completely through one of the skin
panels or stringers. Tests were usually continued until at least one
stringer had failed.
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RESULTS AND DISCUSSION

Crack Initistion

The number of cycles of load applied to each beam to produce a
crack visible to the naked eye is indicated by the shaded parts of the
bar graph in figure 6.

Because of the various stress levels used in tests of beams with
design 1, the results of those tests are not directly compsrsble with
the results for other designs. The smallest number of cycles of load
required to initiate & crack in a beam of design 1 was found in speci-
men lA-1, which was also subjected to the highest stress. The largest
number of cycles was found In specimen 1A-2, which had been subjected
to lower stresses in the first part of the test. Some "coaxing" msy
have occurred at the lower stress level to cause this long life.

Specimen 4B-1 survived approximstely 179,500 cycles of load without
a crack developing at the critical section. However, at this time, a
loud report was heard and a crack 4 inches long was found in the cover
at the support station 12 inches from the critical section. This crack
was patched by use of a filber-glass technique described in reference 2.
A similar patch was placed on the station 12 inches to the other side of
the critical section and the test resumed. When a total of 226,900 cycles
hed been applied, another loud report was hesrd and a crack 6% inches long
was found at a cross section 3 inches from the critical section. This
crack had evidently started at a rivet in the corner flange and progressed
past two stringers before it was detected. (The region where this crack
occurred had been covered with a clamping device which held the leads for
strain geges on the box.) The test was discontinued at this point.

Specimen 4B-2 was reinforced with fiber-glass patches at the sta-
tions 12 inches to each side of the critical section prior to test. Im
addition, the effectiveness of the stress-railser at the center of the
beam was increased by making small notches at the ends of the ma.jor axis
of the hole. Those notches were made by use of a fine thread coated with
valve-grinding compound. The noteh had a radius of approximately
0.003 inch and was spproximetely 0.017 inch deep. As expected, the
higher stress concentration caused crack initiation earlier in this test
than in any other.

The remaining beams, regardless of design, were tested at the same
stress level without other complications. The data for these beams
should, therefore, be directly comparsble to each other. The scatter
in number of cycles required to initiate cracks in these beams appears
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to be about as would be expected for simple specimens maede of the same
materials., No significant differences were found between the numbers of
cycles of losd required to initiate cracks in beams made of 2024-T3 alu-
minum alloy and those required to initiate cracks in beams made of -
7075-T6 aluminum alloy.

For comparison, the fatigue life was predlcted for simple specimens
containing similar stress-raisers and subjected to the seme stresses.
This prediction was made as follows: The theoretical stress-concentration
factor for the hole at the critical section of each of the beams was esti-
meted by the theory of reference 3 to be 3.8 and the corresponding Neuber
technical factor Ky (ref. 4) was 3. This factor, together with average -
fatigue properties of unnotched sheet specimens published in reference 1,
was used to predict a life of 140,000 cycles for complete failure in simple
specimens made from either 202h-T3 or T075-T6 aluminum &lloy. Final '
fallure in bullt-up structures is dependent upon the complexity of the
specimen and, therefore, 1s not readily comparable to failure 1in simple
specimens. The number of cycles requlred to cause fallure of 20 percent
of the tension cross section was arbitrarily plotted in figure 6 for
comparison. For purposes of this presentation the tension cross section
was defined as the net area of that part of the cross section which was
above the neutral axis. The neutral axis was computed for the gross
section. Reasonable agreement between these values and the predicted
life of simple specimens was found.

Crack Propagetion

The crack-propagation histories for each of the beams are presented
in figures 7 to 10 as curves of the percentage of tension cross-sectional
ares lost plotted against the number of cycles of loed applied after ) R
crack initiation. ALl the curves except those for design 1 are plotted
1o the same scale to ald in meking comperisons.

In general, the cracks started at both sides of the stress-raiser
and grew slowly in both directions until at least one panel had failed.
The rate of crack growth then increased graduslly during the test and,
after stiffeners began to faill, became very rapid. The failure of stiff-
eners was almost elways sudden with very little crack propagation visible
before complete fallure of the stiffener.

Design 1.~ The most rapid crack growth for specimens of design 1
was found in beem 1A-1 (fig. 7). This result was expected since the el
highest stress was used in this test. The crack-propagation curve for i
beam 1A-2 was essentially the same as that for beam 1lA-3, even though
1A-2 hed been subjected to 10 times as many cycles of load (including
cycles at a lower stress level) before the crack started. The initial
pexrt of these curves 1s concave upward and ends abruptly at a point where "
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approximately 8 percent of the tension material has failed. This part

of the curve represents growth of the crack across the middle panel to

the rivet holes in stringers adjacent to the center of the beasm. (The
term "panel" refers to that part of the cover bounded by stringers.) The
crack wes then dormant for some time before it started again on the other
slde of the rivet. The next part of the curve is again concave upward

and represents crack growth across the panels adjacent to the middle panel.
The cracks usually grew completely through these panels before the middle
stiffeners failed. The sudden upward trend of the curve represents faillure
of the middle stiffeners. The fallure of the remaining two panels and

two stiffeners followed almost immedistely and the test was stopped when
the crack reached the rivets in the corner flange. Because of the repid
failure of the beam after loss of the first stringers a decision was made
to meke the second design with more stringers so that each contributed a
smaller percentage of the total tension materisl.

The crack-propagation curves for the TOT5-T6 beams made according
to design 1 are similar to those of the 2024-T3 beams, but the number of
cycles of load required to produce a given crack length is less in the
TO75-T6 beams. In specimen 1B-1 the crack proceeded across the beam along
a practically straight line and passed midwsy between rivets in the first
stiffener on one side. Therefore, the crack continued to grow uninter-
rupted until it reeched a rivet hole 3/4 inch eway from the critical sec-
tion in the second stringer on that side. Thus, the abrupt discontinuity
in the crack-propagation curve occurs when spproximately 14 percent of
the material has failed. The rest of the propagation of this crack was
essentially the same as for specimen 1B-2 and for 2024-T3 specimens
described earlier.

Design 2.- Crack propagation in beams of design 2 (fig. 8) progressed
in a manner similar to that in design 1. Generally the skin failed in
three panels before the first two stiffeners failed. The rate of propa-
gation in 2024-T3 beams was slightly greater in design 2 than in design 1,
probably because of the higher stress level used in the wider beams. Cracks
propagated much more rapidly in the TO75-T6 beams in this series than in
the 2024-T3 beams. In specimen 2B-1 the crack followed an essentially
straight line which missed rivet holes at the first 3 stiffeners on one
side of the beam. Consequently, the crack propagation was more rapid in
this specimen than in any other of this design. This test was stopped
before any stiffeners failed.

Design 5.~ In general, in specimens with bonded stringers (design 3),
the crack propagated completely across the skin without failure of any
stringers. The percentage area lost for a given number of cycles of load
(fig. 9) was lower in these specimens than in specimens made of the same
material in other designs. One exception to this trend occurred in
specimen 3A-1, in which crack propagetion was very repid compared with
that In beams 3A-2 and 3A-3. Inspection of beam 3A-1 after failure
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revealed thet a poor bond existed between the stiffeners and the cover.
After the crack had passed the first stiffener, the bonding epparently
had little effect and the crack progressed much as though no connections
between skin and stiffeners had been present.

Inspection of the bonds in other beams revealed that in no case was

the bonding 100 percent effective. Therefore, the results msy not be
entirely typical for this type of construction. In general, however, the
beams which had the better bonds between skin and stiffeners also had the
better crack-propagstion characteristics. In thls respect, the bonds in
TOT5-T6 beams looked somewhat better than those in the 2024-T3 beams.

This mey explain why the crack-propagetion curves for specimens 3B-1 and

3B-2 compared so favorably with the curve for 3A-3. - -

The progress. of the fatigue crack across the stiffener caused the
bond between the skin and stiffener to separate slowly in each direction
along the stringer. A light metal object was gently tepped against the
skin during the test in order to get an estimate of how far the bond had
separated. Inspection of the specimens after tests indicated that this
method had been fairly reliable. TFigure 11l is a sketch showing the contour
of bond separation for various stages of crack growth in specimen 3B-1.

Design 4.~ The specimens with machined covers had the most rapid
crack growth (fig. 10) of any of the specimens tested. In general, the
cracks grew through the middle panel In much the seme manner as in other

configurations. The first stiffener on each side tended to slow the . __

crack only very slightly. The crack then grew past the stiffener in the
skin and down into the stiffener itself. Sudden faeilure of the stiffener
occurred when the crack had penetrated approximately one-half the depth of

the stiffener. Usually the next panel also failed before the machine T

could be stopped for inspectlon of the specimen. After the machine was

started again the next stringer and panel failed before the machine could o

be stopped. In some cases the motor was stopped before it had accelerated
t0 normal speed in order to control the amount o6f cracking that took place
between inspections. With this technique it was learned that a crack might
pass through a stringer end a panel in less than 100 cycles of load with
cracks frequently Jjumping as much as 1/2 inch per cycle after two stiff-
eners had failed.

As in tests of other configurations, the cracks grew more rapidly in
7075-T6 specimens than in 2024-T3 specimens. The crack-propagation curve
for specimen 4B-1 does not sppear in figure 10 because of the difficulties
encountered in this test as described previously.

!
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Stress Distribution

The results of strain-gage surveys made during representative tests
are presented In figures 12 to 15. The sketch above each figure shows
the extent of the crack at the time at which the indicated stresses were
measured. The s80lid curves 1n each of these figures show theoretical
stresses, corrected for shear lag (ref. 5), which apply at the critical
section without a stress-raiser and without a crack. The points in
parts (a) of these figures show the stress distributions present in each
of the beams at the start of the teste to be in reasonable agreement
with the theoretlcal stresses. The maximum veriation in stress level
across the width was approximastely 3 ksi. (See data for beam 3B-1,
fig. 14(a).) As might be expected, the stress at a given point in the
skin increased as the crack approached that point. When the crack pessed
a glven chordwise (across the width) station, the stress indicated by
gages at that chordwise station decreased and finally approached zero.
Obviously, those gages would have indicated zero stress 1f they had been
immediately adjacent to the crack. For specimens on which the gages were
applied at the critical section, the crack caused gage failure and no
stress indication was obtained.

Stringer stresses also increased as the crack approached the stringer.
In specimens made according to design 1, the stresses 1in a glven stringer
became very high when the crack had progressed one panel past thet stringer
(fig. 12(c)). In several cases the strain indication was out of the range
of the measuring apparatus, or well into the plestic range. These high
stresses account for the sudden fallure of stiffeners in these beams. In
specimens made according to design 2, the increasse in stringer stress
(fig. 13) was less, but still appreciable. The presence of rivet holes
in these stringers undoubtedly contributed to stringer failure in
designs 1 and 2.

A comparison between stress distributions in specimens 2B-2 and 3B-1
(see figs. 13(b) and 14(b)) indicates that, as the crack progressed through
the first panel, the stress behavior in beams with riveted stringers was
essentlally the same as that 1n beams with bonded stringers. As the crack
grew farther (figs. 13(c) and 14(c)), however, the stringers carried much
less stress in bonded beems than In riveted ones. This fact, together
wlth the absence of rivet holes in bonded stringers, explains why no
stiffeners failed in specimens with bonded covers.

Figure 15 shows that, in integrally stiffened beams (design U4), the
stresses in the skin and in adjacent stringers rose together. Since the
skin end stiffeners were integral, the stiffeners d4id not slow down crack
growth to any significant extent in this construction. At least one
manufacturer using this type of construction (ref. 6) is using multiple
units adjacent to each other to control the distance over which the crack
can grow before a natural boundary intervenes.
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Although the integral stiffeners offered little resistance to fatigue-
crack propagetion in this investigetion, McBrearty (ref. 7) has shown a
significant benefit of such stiffeners on static strength of panels con-
talning cracks.

CONCLUSIONS

Fatigue tests of 18 box-beam specimens maede of the two structural
aluminum alloys, 2024-T3 and 7075-T6, and of four design configurstions
support the following tentetive conclusions:

l. The number of cycles of load required to Iniltiate a crack was
approximately that which would be expected on the basis of tests of
slmple specimens. The scatter in results was also gbout normal for these
materials. There_was no significant difference between numbers of cycles
of load required to initiate cracks in 2024-T3 aluminum alloy besms and
those required to initiate cracks in 7075-T6 beams.

2. For a given configuration at a glven stress level a fatigue crack

grew more. rapidly in T075-T6 than in 2024-T3 aluminum alloy.

3. In specimens with riveted stringers the crack growth was inter-
rupted each time the crack passed under & rivet head. Some cracks pro-
pagated without interruption along lines which bypassed rivets. A given
stringer failed after the crack had grown at least one panel past that
stringer.

4, In specimens with integral stiffeners, the crack grew steadily
across the cover at the highest rate found in this investigation.

5. In specimens with bonded covers, the rate of crack propagation
was influenced by the effectiveness of the bond. Cracks grew rapidly
across the skin in specimens with poor bonds, but in specimens with good
bonds the cracks grew at the lowest rate found in thils investigation.
No stiffemers falled in bonded specimens before the crack had grown com-
pletely through the skin. This result was probsbly attributable ta the
absence of stress-raisers in these stringers. '

6. Strain-gage surveys indicated very large increases in stringer
stresses Just before stringer faillure in sp_cimens with four stringers.

This stress increase was smaller in specimens with eight stringers riveted )

#
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to the cover and still smaller in bonded stringers. In Integrally
stiffened covers the stringer stress was essentially the same as the
stress in the skin.

Yangley Aeronsutical Laboratory,

National Advisory Committee for Aeronautics,
Langley Field, Va., August 8, 1956.
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Figure 1l.- Contours of bond separation in specimen 3B-1.
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Figure 12.- Stress distribution in specimen 1A-3 at maximum load.
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